Titanium-based composite coating reinforced by in situ synthesized TiN and TiB particles was successfully fabricated on Ti-3Al-2V alloy by laser cladding with Ti/c-BN powder mixture. The microstructures of in situ synthesized TiB and TiN were compared with needle platelet and dendrite. TiB tends to nucleate and grow on the surface of TiN and grain boundary. In the rapid solidification process, phases crystallization follow the five steps: primary TiN ¼ peritectic structure TiN+¡-Ti ¼ primary TiB; ¼ binary eutectic ¢-Ti+TiB ¼ solid transformation from ¢-Ti to ¡-Ti.
Introduction
In rencent years, laser cladding has shown substantial potential in strengthening metal-surface, for instance metallurgical bond between the coating and substrate, highly refined microstructure, low dilution ratio and limited heat affected zone. 1, 2) What's more, Ceramic reinforced metal matrix composites (CRMMs) is considered as the most promising coating because it synergy to consider hard reinforcements and ductile metal matrix, 3, 4) particularly ceramic particles were in situ synthesized. In-situ synthesized ceramic particle has characters of small size, uniformed distribution and good bonding with metal matrix. Recently, numerous in-situ synthesized ceramic phases have been studied, such as nitrides, 5) borides, 6, 7) carbides, 8, 9) Ti-Al intermetallics, 10) Ti-Si compounds 11) et al.
For Ti alloy, TiB is considered as the excellent ceramic reinforcing particle, because it has compatible physical and thermodynamic properties, high hardness (27 Gpa), same Young's modulus of elasticity with Ti and its alloy. 12, 13) Besides, TiN shows higher plastic deformation than TiB at high temperature. Therefore, TiB/TiN compound reinforcement can satisfy both high hardness and high plastic deformation at high temperature. According to our previous research conclusion, TiN/TiB reinforced Ti-based composite coatings show excellent wear performance, the wear resisting performance is twice as large as substrate. 14) Titanium boride (TiB) and titanium nitride (TiN) can be formed by the reaction of BN with Ti.
Researchers are focused on studying the optimization of process parameters, the design of cladding materials, and properties. 15, 16) However, the morphology and distribution of reinforced phases play an important role on physical properties, which mainly depends on the crystal structure and solidification behavior, especially for the in-situ reinforced particles. Furthermore, laser cladding has a high cooling rate as fast as 10 6°C /s, its solidification process is different with equilibrium solidification. Tradition solidification theory can not explain well with experimental phenomenology. Besides, to our knowledge, none of the reports have discussed the growth morphology and solidification behavior of TiN and TiB in Ti-BN system by laser cladding. Therefore, in the present work, growth morphology and solidification behavior of in-situ synthesized TiN and TiB in Ti-BN system by laser cladding are investigated comprehensively.
Experimental Procedure
Ti-3Al-2V selected as the substrate with the size of 50 © 20 © 5 mm 3 . Analytically pure c-BN (diameter range from 70 to 100 µm) and titanium powders (diameter about 100 µm) used as the precursors, raw materials were purchased from Fluka; its molar ratio was 1 : 4. Before cladding, the powders were mixed homogeneously at 450 turns per second for an hour using simoloyer mill, and then dry for 2 hour at 120°C.
The cladding process was performed by using a 3.5 kW high power diode laser (Rofin DLO35Q) with a coaxial powder feeder. The spot size of the laser was 3.3 mm © 2 mm rectangular-shaped, the wavelength was 808 nm and 940 nm. The power density was in top-hat and Gaussian distributions at slow-axis and fast-axis, respectively. The optimized laser cladding parameters set 2200 W for laser power, 6 mm/s for scan speed and 5.8 g/min for powder feeding rate. Argon gas at a flow rate of 15 l/min was fed to prevent the cladding surface from oxidation during processing.
Phase identification was carried out by an X-ray diffraction (XRD, D/max 2550VL/PC) with Cu-K¡ radiation operated at a voltage of 35 kV and current of 40 mA. Microstructural analysis was characterized by scanning electron microscopy (SEM, S-520) and transmission electron microscope (TEM, JZM-100CX (n)). Element analyzes of microstructures were identified using electron probe micro analyzer (EPMA, JXA-8230). Specimens for SEM analyses were deep etched in 13 mlHF-26 mlHNO 3 -100 ml H 2 O solution for 30 s, most Ti were etched off from the detected surface. To eliminate the influence of the dilution ratio on the microstructure, specimens for XRD, SEM, EPMA and TEM chosen at the top of the clad layers.
Results and Discussions

Thermodynamic calculation
The reactions between Ti and BN are of the following types:
Figure 1 is the calculated Gibb's free energy (¦G°) of reactions (1)(6) between Ti and BN as a function of temperature. According to Fig. 1 , ¦G°of the six reactions are negative up to 3000 K, which indicate that six reactions can spontaneously occur. Besides, larger negative ¦G°value indicates increased spontaneous trends of reaction. At the same temperature over 2000 K, ¦G°value follow the order: (1) < (2), (4) < (5) and (5) < (6). It can concluded that TiB 2 can be formed in preference to TiB while TiB precedes TiN. Figure 2 is the XRD spectra. According to XRD results, the compositions of the coating are ¡-Ti, TiB, TiN, and BN. Some un-reacted BN still exists in the clad layer. New phases TiN and TiB have been in-situ synthesized in the clad layer. Besides, comparing with the standard card (PDF 44-1294), the main diffraction peak of Ti(1 0 1) has a left deviant about 0.2°, deviation caused by solid solution of (B, N) atoms and inner-stress.
XRD analysis
According to the equilibrium phase diagram for Ti-B-N given by Novotny et al., 17) TiB 2 will form in equilibrium solidification processing at the selected content of BN. Besides, more negative ¦G°values of reactions (1) than reaction (2), reaction (4) than reaction (5) also suggest the increased formation of TiB 2 than TiB. However, no TiB 2 was detected according to XRD result. There would be two reasons. As one reason, to form TiB, required boron concentration is lower than TiB 2 , according to the binary Ti-B phase diagram, it can be seen that TiB can form in a quite large concentration span. In addition, the formation temperature of pre-eutectic TiB is in a relatively large range of 15402200°C. Therefore, the formation of TiB is easier than that of TiB 2 ; Secondly, TiB 2 phase may form due to nonequilibrium segregation of boron during the rapid solidification process. However, in situ synthesized TiB 2 will simultaneously react with the excess of titanium by reaction (3) . Thirdly, existed TiB 2 phases is too less to detect by XRD.
Morphology of the in-situ synthesized particles
SEM images of TiB+TiN/Ti composite coating show in Fig. 3 . The microstructure of the coating is very uniform. SEM specimens have etched with the high solubility of HF-HNO 3 , most Ti are corroded off from the surface of the specimens. Therefore, microstructure shown in SEM imagines are in-situ synthesized reinforced phases. Reinforced phases display the following four morphology: coarse primary dendrites, equiaxial cellular grain, coarse needle shaped particles and fine needle-shaped particles, marked with a, b, c, and d (as shown in Fig. 3(b) . Results of EPMA analysis identified that coarse primary dendrites and equiaxial cellular grain are contained element Ti and N, coarse need phase and fine needle phase contained Ti and B. Statistical result shows that the atom ratios of Ti:N and Ti:B are both around 1 : 1. Compared with XRD result and morphology of formed phases, it can be concluded that coarse primary dendrites and equiaxial cellular grain should be TiN, coarse need phase and fine needle phase should be TiB with different solidified process. According to distributed positions of phases, it concluded that phase TiN preferentially solidified from the melt pool, TiB last solidified on the Fig. 1 Gibb's free energy of reactions (1)(6) between Ti and BN as a function of temperature. Fig. 2 The XRD pattern of clad layer.
boundary of the dendrites. Besides, fine needle-shaped TiB express the obvious eutectic structure with the etched Ti. Figure 4 illustrates the TEM bright-field images and corresponding selected area diffraction patterns (SADPs) of different microstructures in clad layer. There are marked with phase A, phase B, and phase C, just as shown in Fig. 4 . According to the analysis of several SADPs, phase A is ¡-Ti; phase B is TiB with needle platelets sharp, and phase C is TiN with dendrites structure. It also clearly indicates that TiB tends to grow on the surface of phase TiN and grain boundary, just as marked with the dashed circle in Fig. 4 . The Microscopic phenomenon of TEM imagines coincide with the morphology of SEM (as shown in Fig. 3 ).
According to Fig. 1 , for reaction (6) , ¦G°has low negative energies and approaches zero, at the BN decomposition temperature, reaction (5) gives large negative ¦G value, and it increases as temperatures rise. The large negative value at the decomposition point of BN (3300 K) in reaction (5) suggest the increase formation of TiB than the TiN phase. However, in our research, phase TiB precipitated later than phase TiN. The phenomenon should explain by the following reasons: for one reason, atom B has considerably larger solid solubility in liquid Ti than atom N (according to phase diagrams of Ti-B and Ti-N), with the processing of solidification, solid solubility of B and N decreased, N first precipitated from liquid and formed TiN; for another reason, atom N has much smaller size than atom B, therefore, atom N is more favorable to diffuse and form TiN than atom B. Therefore, according to heterogeneous nucleation theory, TiB nucleate at the surface of TiN and grain boundary. Besides, It is considered that the content of B plays an important role on the crystal of TiB. Nucleation and growth of TiB depend on the solubility of B satisfy to form TiB.
Solidification behavior of Ti-BN system
Based on phase diagrams of Ti-B-N, Ti-B, and Ti-N and microscopic analysis results above, it can summarize crystallization processes of Ti-BN, firstly Ti and BN react and then melt thoroughly to liquid phase by laser radiation. After the laser beam removed, the solidification path woluld follow these stages:
(1) Primary phase TiN precipitate from the liquid phase (phase (a) in Fig. 3(b) ) and grow to coarse cellular or dendritic shape due to high cooling rate and free space in the liquid phase.
(2) Formation of the ¡-Ti by the peritectic reaction L+TiN ¼ ¡-Ti at the surface of TiN. Because of the limited reaction time and the difficulty of solid diffusion, the coreshell structure of TiN-¡-Ti formed (phase (b) in Fig. 3(b) ).
(3) Primary phase TiB (phase (c) in Fig. 3(b) ) will nucleate on the surface of TiN and grain boundary.
(4) Formation of the binary eutectic of ¢-Ti and TiB (phase (d) in Fig. 3(b) ) as the temperature gradually reduces by the reaction of L ¼ TiB+¢-Ti.
(5) Formation of ¡-Ti. ¢-Ti will transform into ¡-Ti by the allotropic transformation reaction ¢-Ti ¼ ¡-Ti.
At last, ¡-Ti, TiB, and TiN are maintained at room temperature. The schematics illustration of solidification process expresses in Fig. 5 .
Morphology analysis
As discussed above, Fcc TiN precipitated firstly from the liquid. Fcc TiN with high isotropic structure and high solidification rate (R) which result in the TiN crystal nuclei grows into the constitutional supercooling areas to form dendritic embryos. With the growth proceeding, the degree of critical supercooling increases due to the decreased solution concentration. Besides, the release of latent heat of fusion lead to decreased temperature gradient, so the growth transits from continuous to lateral. Figure 6 is TEM images and corresponding SADP of TiB at longitudinal and transverse cross-section, respectively. The TEM observations revealed that TiB are orthorhombic structure TiB (B27), its lattice parameters a = 0.628 nm, b = 0.312 nm and c = 0.461 nm. Analysis of several ZAPs indicated the crystallographic facets in these needles are always of type (1 0 0), (1 0 1) and ð1 0 1Þ, therefore it can conclude that TiB growth direction is [0 1 0]. Based on the analysis above, The needle platelet TiB is B27 crystal structure with [0 1 0] growth direction.
Therefore, TiN nucleated and grew to the dendrite caused by rapid solidification. The needle platelet with TiB relates to the crystal structure of TiB (B27) structure.
Conclusion
In-situ TiN-TiB composite structure has synthesized by laser cladding. TiN nucleated and grew to the dendrite caused by rapid solidification and the needle platelet with TiB is related to the crystal structure of TiB (B27) structure. TiB tends to grow on the surface of TiN and grain boundary. In the rapid solidification process, phases crystallization of Ti-B-N follow the five steps: primary TiN ¼ peritectic structure TiN+¡-Ti ¼ primary TiB; ¼binary eutectic ¢-Ti+TiB ¼ solid transformation from ¢-Ti to ¡-Ti.
